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Edited by Gianni CesareniAbstract The semaphorins are a large family of proteins that
act as guidance signals for axons and dendrites. The class 4 sem-
aphorins are integral membrane proteins that are widely ex-
pressed throughout the nervous system. Here, we show that a
subclass of these semaphorins is characterized by a PDZ-binding
motif at their carboxy-terminus. This sequence mediates the
interaction with the post-synaptic density protein PSD-95/
SAP90. Co-expression of Sema4B with PSD-95 in COS 7 cells
results in the clustering of Sema4B. Sema4B co-localizes with
PSD-95 at synaptic contacts between cultured hippocampal neu-
rons. This synaptic localization depends on the presence of the
PDZ-binding motif.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Semaphorin1. Introduction
The semaphorins are a family of proteins that have been
implicated not only in axon guidance, but also in the regu-
lation of cell migration, angiogenesis, and the immune re-
sponse [1–5]. They are characterized by a conserved
domain of about 500 amino acids that forms a seven-bladed
b-propeller structure [6,7]. The semaphorin family can be
subdivided into seven distinct classes based on the presence
of class-speciﬁc carboxy-terminal sequences and contains
both secreted and membrane-bound proteins [1,8]. There
are 20 genes encoding semaphorins in the mammalian gen-Abbreviations: DIV, days in vitro; GIPC, GAIP interacting protein, C
terminus; GST, glutathione S-transferase; HA, hemagglutinin;
NMDA, N-methyl-D-aspartate; NR1, NMDA receptor 1; PSD,
post-synaptic density; PDZ, PSD-95/Discs large/ZO-1; PSD-95, post-
synaptic density-95; SAP90, synapse-associated protein 90
*Correspondig author. Fax: +49 251 8323841.
E-mail address: apuschel@uni-muenster.de (A.W. Pu¨schel).
1 Present address: Biozentrum, University of Basel, Klingelbergstrasse
70, CH-4056 Basel, Switzerland.
2 Present address: Abt. Neuroanatomie, MPI fu¨r Hirnforschung, D-
60528 Frankfurt, Germany.
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.05.079ome. However, only the role of the secreted class 3 semaph-
orins has been studied in some detail. The function of the
large number of membrane-bound semaphorins is only
poorly understood. The invertebrate class 1 semaphorins
act as anti-adhesive or repulsive signals for epihelial cells
and axons [9–11]. In addition, Sema1a is required both
pre- and post-synaptically for the formation of synapses in
the adult giant ﬁber system of Drosophila [12]. Sema6D
has an essential function in cardiac morphogenesis by regu-
lating cell migration through Plexin-A1 [13].
The class 4 semaphorins contain seven members, Sema4A
to -G. A subset of these (Sema4A and -D) have important
functions in the immune system and act through receptors
that are distinct from those found in the nervous system
[3]. In the nervous system, Sema4D acts as a repulsive signal
that uses Plexin-B1 as its receptor, at least in vitro [14,15].
The function of the remaining class 4 semaphorins in the
nervous system has received little attention so far. Sema4C
and -4F contain a C-terminal PSD-95/Discs large/ZO-1
(PDZ)-binding motif and can interact with post-synaptic
density-95/synapse-associated protein 90 (PSD-95/SAP90)
[16,17]. In addition, Sema4C also interacts with the PDZ do-
main-containing protein GIPC/M-SemF cytoplasmic domain-
associated protein [18]. PDZ domains were originally identi-
ﬁed as conserved repeats in several proteins including the
post synaptic density protein PSD-95/SAP90 that mediate
the binding of short sequence motifs [19–21]. PDZ domain-
containing proteins are a major component of the post-syn-
aptic density (PSD), where they are thought to play a central
role during synaptogenesis and in the structure and function
of post-synaptic specializations of excitatory synapses. Their
interaction with N-methyl-D-aspartate (NMDA) receptors is
important for the formation of post-synaptic receptor clus-
ters and signal transduction processes at the post-synaptic
membrane [19–21]. Here, we show that with the exception
of Sema4A and -D all class 4 semaphorin contain a
carboxy-terminal PDZ motif and that can interact with
PSD-95. In a heterologous system, the interaction with
PSD-95 induced the clustering of these semaphorins. In hip-
pocampal neurons, the interaction with PDZ-domain pro-
teins localizes Sema4B to post-synaptic membrane
suggesting a role for Sema4B in the formation or function
of synaptic specializations.blished by Elsevier B.V. All rights reserved.
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2.1. Plasmids
The coding sequence of the cytoplasmic domain from mouse Se-
ma4B [22,23] was ampliﬁed by PCR and cloned into pQE30 (Qiagen).
The expression vectors pBK-FLAG-Sema4B, pBK-FLAG-Sema4C,
pBK-FLAG-Sema4D, and pBK-FLAG-Sema4G were constructed as
described previously [23]. The cytoplasmic domain (pBK-FLAG-
BDcyt) or the three C-terminal amino acids (pBK-FLAG-
Sema4BDPDZ) were deleted by PCR. pGWI-PSD-95 and vectors for
glutathione S-transferase (GST)-fusion proteins of PSD-95 PDZ
domains and a N-terminal deletion mutant that contains the SH3
and GUK but no PDZ domains (PSD-95D) were described previously
[24]. To express PSD-95D in COS 7 cells it was cloned into pEGFP-C1
(Clontech). The expression vector for the GST-GIPC and -Par6c
fusion proteins was generated by amplifying the cDNA for mouseFig. 1. PSD-95 interacts with class 4 semaphorins. (A) The sequence of the se
shown. Putative PDZ-binding motifs that conform to the consensus sequenc
semaphorins were co-expressed with myc-PSD-95 in HEK 293T cells, immun
by SDS–PAGE, and analyzed by Western blot with an anti-FLAG or anti-m
expressed with myc-GIPC and analyzed by Western blot after immunoprec
semaphorins were expressed in HEK 293T cells and a Western blot of the
antibody to verify comparable expression levels of the recombinant semaphor
other class 4 semaphorins. (E) Membrane fractions of P3 mouse cerebellum (
and analyzed by Western blot with the anti-Sema4B antiserum. (F) Membra
centrifugation, incubated without primary antibody (), with pre-immune se
precipitated with Protein A–sepharose. Precipitated proteins were analyzed
antibody. The ﬁgure shows diﬀerent lanes from the same exposure of
immunoprecipitated Sema4B.GAIP interacting protein, C terminus (GIPC) and Par6c from P0 brain
cDNA by PCR and cloned into pGEX-4T2 (Amersham Biosciences).
Diﬀerent fragments of GIPC (GIPC-N: amino acids 1–128, GIPC-P:
129–223, GIPC-C: 224–333, GIPC-PC: 129–333) were ampliﬁed by
PCR and cloned into into pGEX-4T2 (Amersham Biosciences). GST
fusion proteins were expressed in Escherichia coliM15 (Qiagen), bound
to glutathione–sepharose beads (Amersham Biosciences) and used for
pull-down assays as described [25].
2.2. Antibodies
The cytoplasmic domain of Sema4B was expressed in E. coli M15
(Qiagen) and used to immunize rabbits (Eurogentec). Mouse monoclo-
nal and rabbit-polyclonal anti-NR1 were obtained from Chemicon,
mouse anti-PSD-95 antibody from Alexis, mouse monoclonal anti-
myc and anti-hemagglutinin (anti-HA) antibody from Roche Diagnos-
tics, the monoclonal anti-FLAG M2 from Sigma–Aldrich, and theven C-terminal amino acids from the indicated class 4 semaphorins are
e -S/T-X-A/I/V are underlined. (B) The indicated FLAG-tagged class 4
oprecipitated from cell lysates with an anti-FLAG antibody, separated
yc antibody. (C) FLAG-Sema4B or HA-neuropilin-1 (Nrp) were co-
ipitation with an anti-myc antibody. (D) The indicated FLAG-tagged
cell lysates probed with the anti-Sema4B antiserum or an anti-FLAG
ins. The anti-Sema4B antiserum speciﬁcally recognized Sema4B but not
Ce), cortex (CO), and spinal cord (SC) were separated by SDS–PAGE
ne fractions of newborn mouse brain were isolated by sucrose gradient
rum (Pre), or with the anti-Sema4B antibody (4B) and bound proteins
by Western blot using the anti-Sema4B antiserum or an anti-PSD-95
a Western blot used to show the co-puriﬁcation of PSD-95 with
C. Burkhardt et al. / FEBS Letters 579 (2005) 3821–3828 3823anti-GST antibody from Amersham and used according to the manu-
facturers recommendations. Antibodies against Bassoon were de-
scribed previously [26]. Secondary antibodies conjugated with Alexa-
594, -488, or -350 were obtained from Molecular Probes.
2.3. Preparation of membrane fractions
To prepare membrane fractions the brains of newborn or postnatal
day 3 (P3) mice were homogenized in 0.4 mM KCl, 0.3 mM Na2H-
PO4 Æ 2H2O, 0.4 mM KH2PO4, 4.2 mM NaHCO3, 137 mM NaCl,
5.6 mM glucose, and proteinase inhibitor cocktail (Roche), the homog-
enate was loaded onto a discontinuous sucrose gradient (1.2 mM su-
crose, 0.8 mM sucrose), and membranes isolated by centrifugation at
150000 · g for 1 h. The membrane fraction was removed and mem-
branes pelleted by centrifugation for 90 min at 150000 · g. The result-
ing pellet was solubilized in ice cold 2% Triton X-100, 2 mMDTT, and
proteinase inhibitor cocktail (Roche) in phosphate-buﬀered saline for
1 h.
2.4. Immunoprecipitation
HEK 293T cells were co-transfected with diﬀerent expression vectors
by calcium phosphate co-precipitation as described previously [22].
After 2 days of culture, the cells were lysed in 1% Triton X-100, 1%
SDS, 0.5% Na-deoxycholate, and proteinase inhibitor cocktail (Roche)
in phosphate-buﬀered saline and immunoprecipitated with the 4E9
anti-myc antibody (Roche). The immunoprecipitates were analyzed
by Western blot using anti-FLAG or anti-HA antibodies (Roche).
Membrane fractions prepared from the brains of 2 newborn mice were
incubated with antibodies immobilized on Protein-A beads agarose for
2 h. After washing with 0.5% Triton-X-100, protein complexes were
eluted with SDS sample buﬀer and analyzed by Western blot.
2.5. Cell culture and transfection
COS 7 cells were transfected using the Fugene 6 reagent (Roche)
according to the manufacturers recommendations. Two days after
transfection, cells were ﬁxed in 3.7% formaldehyde in phosphate-buf-
fered saline and processed for immunocytochemistry. Cultures of dis-
sociated hippocampal neurons were prepared as described previously
[27] and plated onto glass coverslips coated with poly-ornithine (Sig-
ma) at a density of 75000 cells per coverslip. Two hours after plating,
the medium was changed to neurobasal medium with B27 supplement,
0.5 mM glutamine and 100 units/mL penicillin/streptomycin (Invitro-
gen). After 72 h of culture, neurons were transfected by the calcium
phosphate co-precipitation method [28]. After 21 days in vitro
(DIV), neurons were ﬁxed with 4% paraformaldehyde/15% sucrose in
phosphate-buﬀered saline for 15 min at room temperature and pro-
cessed for immunocytochemistry.
2.6. Immunocytochemistry
Fixed COS 7 cells or neurons were washed with phosphate-buﬀered
saline, permeabilized with 0.1% Triton X-100, and blocked with 10%
fetal calf serum in phosphate-buﬀered saline for 1 h at room tempera-
ture. Coverslips were incubated overnight with primary antibodies and
for 2 h with secondary antibodies at room temperature. Images were
taken with a Hamamatsu CCD camera, and analyzed using the WA-
SABI software (Hamamatsu) and Adobe Photoshop. The co-localiza-
tion of Sema4B and NMDA receptor 1 (NR1) was quantiﬁed by
determining the percentage of Sema4B-positive puncta that were also
stained with the anti-NR1 antibody. Four quadrants per coverslip
were analyzed from three independent transfections.Fig. 2. Sema4B interacts with PDZ domains. (A) GST-fusion proteins
of the ﬁrst (1), second (2), and third PDZ domain (3) of PSD-95 or a
N-terminal deletion mutant of PSD-95 that contains the SH3 and
GUK domains but no PDZ domains (D) were expressed in bacteria
and bound to glutathione–sepharose beads. Bound GST-fusion
proteins were incubated with lysates of 293T cells transfected with
an expression vector for FLAG-Sema4B. Bound proteins were eluted
and analyzed by Western blot. (B) GST-fusion proteins of the N-
terminal 128 amino acids (N), the PDZ-domain (P, amino acids 129–
223), the C-terminal 110 amino acids (C), or the C-terminal 205 amino
acids including the PDZ domain (PC) of GIPC were bound to
glutathione–sepharose beads, incubated with lysates of 293T cells
expressing FLAG-Sema4B, and bound proteins analyzed by Western
blot.3. Results
3.1. Interaction of Sema4B with PDZ-domain proteins
The three carboxy-terminal amino acids of ﬁve class 4 sem-
aphorins conform to the consensus sequence –S/T–X–A/I/V
typical for type 1 PDZ-binding motifs (Fig. 1A). Only Sema4A
and -D do not contain a recognizable PDZ-binding motif. To
test their interaction in a heterologous expression system,
HEK 293T cells were co-transfected with expression plasmids
for myc-PSD-95 and FLAG-tagged Sema4B, -C, -D, -G, orpBK-CMV. Sema4E was not tested as no mammalian homo-
log of zebraﬁsh Sema4E could be identiﬁed in the available
genome sequences. PSD-95 was co-precipitated with Sema4B,
-C, and -G but not Sema4D (Fig. 1B). As reported for
Sema4C, Sema4B was also able to bind GIPC, another PDZ
domain protein [18]. After co-expression in 293T cells,
FLAG-Sema4B and Nrp-1 that served as a positive control
[29] could be co-immunoprecipitated with myc-GIPC (Fig. 1C).
To test the interaction of endogenous Sema4B and PSD-95
we raised an antibody against the cytoplasmic domain of Se-
ma4B. The speciﬁcity of the antiserum for Sema4B was veriﬁed
by Western blot with lysates from 293T cells transfected with
vectors for diﬀerent class 4 semaphorins (Fig. 1D). After pre-
incubation with the antigen, the antiserum did not detect re-
combinant Sema4B in Western blots (data not shown). The
antiserum detected a protein of about 94 kD in cerebellum,
cortex, and spinal cord of P3 mice (Fig. 1E). When membrane
preparations from newborn mouse brain were incubated with
the anti-Sema4B antiserum, endogenous Sema4B was immu-
noprecipitated together with PSD-95 (Fig. 1F). No PSD-95
was found in precipitates with preimmune serum or when
the primary antibody was omitted.
To conﬁrm that Sema4B interacts with PDZ-domains, GST-
fusion proteins of the PDZ domains from PSD-95 and GIPC
were expressed in bacteria and used for pull-down assays with
FLAG-Sema4B expressed in 293T cells. A speciﬁc interaction
3824 C. Burkhardt et al. / FEBS Letters 579 (2005) 3821–3828of Sema4B could be shown with all PDZ domains of PSD-95
and the single PDZ domain of GIPC (Fig. 2A and B). The
higher amount of bound Sema4B indicated a preference of Se-
ma4B for PDZ domains 1 and 2 over domain 3 of PSD-95. No
interaction was detectable with a PSD-95 deletion mutant that
lacks all three PDZ domains, the PDZ-domain protein mPar6cFig. 3. Co-expression of PSD-95 induces clustering of Sema4B in COS 7 cells
7 cells were transfected with expression vectors for FLAG-Sema4B, FLAG-Se
or a N-terminal deletion mutant of PSD-95 that contains the SH3 and GUK
transfection, cells were stained with anti-FLAG and anti-myc antibodies. F
FLAG-Sema4B, but not FLAG-Sema4BDcyt or FLAG-Sema4BDPDZ forme
did not result in the formation of Sema4B clusters. (C) COS 7 cells were tran
stained with anti-FLAG and anti-myc antibodies 48 h after the transfection(data not shown) or the N- and C-terminal sequences of GIPC
ﬂanking the PDZ-domain (Fig. 2B).
3.2. Co-expression of PSD-95 induces the clustering of Sema4B
PSD-95 induces the clustering of co-expressed proteins that
contain a PDZ-binding motif like the NMDA receptor subunit. (A) Schematic representation of the Sema4B constructs used. (B) COS
ma4BDcyt, or FLAG-Sema4BDPDZ and pBK-CMV (), mycPSD-95,
domains but no PDZ domains (PSD-95D) as indicated. 48 h after the
LAG-Sema4B was uniformly distributed in the absence of PSD-95.
d clusters after co-expression of PSD-95. Co-expression with PSD-95D
sfected with expression vectors for FLAG-Sema4B and mycGIPC and
. Co-expression with GIPC did not result in the formation of clusters.
Fig. 4. Co-expression of PSD-95 induces clustering of class 4 semaphorins in COS 7 cells. COS 7 cells were transfected with expression vectors for the
indicated semaphorins and myc-PSD-95 (left) or pBK-CMV (right). Staining with anti-FLAG and anti-myc revealed the induction of cluster
formation by PSD-95.
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Sema4B was homogenously distributed in the cell membrane
(Fig. 3B). When PSD-95 was expressed alone small microclus-
ters were visible which form due to its auto-aggregation [32–
34]. Upon co-expression of myc-PSD-95 and FLAG-Sema4B
large clusters of Sema4B were visible that co-localized with
PSD-95. The clustering of Sema4B depended on the interac-
tion with PSD-95. Carboxy-terminal truncation of Sema4B
by deletion of the complete cytoplasmic domain (FLAG-Se-
ma4BDcyt) or the C-terminal 3 amino acids (FLAG-Se-
ma4BDPDZ) abolished the formation of clusters and resulted
in a homogenous distribution of the Sema4B mutants (Fig.
3A and B). Deletion of the PDZ domains (PDZD in Fig. 3B)
also abolished the ability of PSD-95 to induce the clustering
of Sema4B. In contrast to PSD-95, co-expression with GIPC
did not result in the formation of clusters (Fig. 3C). After
co-expression with myc-PSD-95 in COS 7 cells, we observed
the formation of clusters also for FLAG-Sema4C and -G
(Fig. 4).
3.3. The synaptic localization of Sema4B depends on interaction
with PDZ domains
The interaction with PSD-95 suggested that Sema4B may be
localized at post-synaptic specializations. To determine the
subcellular localization of Sema4B, the distribution of Sema4B
and PSD-95 was analyzed in dissociated hippocampal neurons
prepared from E18 rat embryos. Sema4B showed a punctate
staining pattern and co-localized with PSD-95 in dendrites atFig. 5. Sema4B co-localizes with post-synaptic markers in hippocampal ne
analyzed at 21 DIV by indirect immunoﬂuorescence using the anti-Sema4
Endogenous Sema4B was visible in clusters and co-localized with post-sy
(Bassoon). Sema4B was not present in all NR1-positive structures.21 DIV (Fig. 5). To investigate if Sema4B is localized at syn-
apses we used additional pre- and post-synaptic markers.
78% of the Sema4B clusters co-localized with NR1 which is
linked to the PSD via PDZ-domain proteins like PSD-95
(Fig. 5). To test whether it is localized pre- or post-synaptic-
ally, the distribution of the presynaptic marker Bassoon was
compared to that of Sema4B. Bassoon is exclusively anchored
at the active zone of presynaptic structures [26]. The punctate
staining of Sema4B and Bassoon overlapped only partially
(Fig. 5) and was comparable to the distribution of ProSAP-
1/Shank-2 and Bassoon [26,35]. The partial co-localization
with presynaptic markers is typical for proteins localized at
the post-synaptic membrane [26,35] and suggests that Sema4B
is recruited by PSD-95 to post-synaptic specializations.
To test if the PDZ-binding motif is responsible for the syn-
aptic localization of Sema4B, hippocampal neurons were
transfected at 7 DIV with expression vectors for FLAG-Se-
ma4B or FLAG-Sema4BDPDZ that lacks the PDZ-binding
motif. Neurons were ﬁxed at 21 DIV and analyzed by immu-
nostaining with anti-FLAG and anti-NR1 antibodies. Overex-
pression of exogenous Sema4B or Sema4BDPDZ did not
inﬂuence neuronal morphology, or the number of NR1-posi-
tive synapses (data not shown). However, we cannot exclude
more subtle eﬀects on the physiology of synapses. 80% of the
puncta containing FLAG-Sema4B were also positive for
NR1 (Fig. 6). By contrast, only 20% of FLAG-positive struc-
tures also contained NR1 when FLAG-Sema4BDPDZ was ex-
pressed. Thus, the presence of the C-terminal three aminourons. Dissociated hippocampal neurons from rat E18 embryos were
B, anti-PSD-95, anti-Bassoon, or anti-NR1 antibodies as indicated.
naptic (PSD-95, NR1) but only partially with presynaptic markers
3826 C. Burkhardt et al. / FEBS Letters 579 (2005) 3821–3828acids is essential for the localization of Sema4B to NR1-posi-
tive synapses.4. Discussion
Our results show that the class 4 semaphorins can be
subdivided into two subclasses based on the presence of a car-
boxy-terminal type 1 PDZ-binding motif. With the exceptionFig. 6. The PDZ-binding motif is required for the synaptic localization of S
were transfected with expression vectors for FLAG-Sema4B or Sema4BDPDZ
and endogenous NR1 was analyzed by indirect immunoﬂuorescence using a
synaptic localization of exogenous Sema4B, the percentage of FLAG-Sem
(n = 19).of Sema4A and -D, all mammalian class 4 semaphorins inter-
act with the PDZ domain-containing protein PSD-95 and pos-
sibly also other PDZ-domain proteins. This was demonstrated
biochemically and by the ability of PSD-95 to cluster these
semaphorins in a heterologous system. An interaction with
PSD-95 was reported before for Sema4C and -F [16,17]. How-
ever, it remained unclear if co-expression with PSD-95 results
in a clustering of these semaphorins. In COS 7 cells, Sema4F
was reported to recruit PSD-95 to the membrane but not toema4B. (A) Dissociated hippocampal neurons from rat E18 embryos
at 7 DIV and analyzed at 21 DIV. The distribution of FLAG-Sema4B
nti-FLAG (green) and anti-NR1 (red) antibodies. (B) To quantify the
a4B-positive puncta that also were positive for NR1 was determined
C. Burkhardt et al. / FEBS Letters 579 (2005) 3821–3828 3827form clusters [17]. One reason for this result may be the use of
an Ephrin-B1/Sema4F fusion protein instead of full-length
Sema4F.
In order to understand the functional signiﬁcance of this
interaction, we characterized the binding of Sema4B to PSD-
95 in more detail. A complex of Sema4B and PSD-95 was
detected after heterologous expression in 293T cells and in
membrane preparations from mouse brain. In hippocampal
neurons, a co-localization of endogenous Sema4B could be ob-
served with post-synaptic, but only a partial co-localization
with presynaptic markers. This distribution is typical for
post-synaptic proteins [26,35]. However, it cannot be com-
pletely excluded that Sema4B is also present in presynaptic
specializations.
The interaction with PSD-95 induced the formation of Se-
ma4B clusters in COS 7 cells and probably also at synapses.
After expression in hippocampal neurons, exogenous Sema4B
co-localized with PSD-95. The clustering by PSD-95 in COS 7
cells and the synaptic localization were abolished when the
three C-terminal amino acids of Sema4B were deleted, indicat-
ing that both depend on the interaction of Sema4B with PDZ-
domains. Sema4B can be expected to bind additional PDZ
domain proteins. Indeed, an interaction with the PDZ domain
protein GIPC could be shown, at least after heterologous
expression. Therefore, we cannot exclude that the synaptic
localization is mediated not only by PSD-95 but also involves
other PDZ-domain proteins. Unlike PSD-95, the co-expression
of GIPC did not result in the clustering of Sema4B. The inter-
action with GIPC was reported to mediate the clustering of Se-
ma4C in 293 cells [18]. This clustering, however, diﬀers from
the membrane-localized clusters organized by PSD-95 and
may reﬂect a co-localization at internal membranes.
Little is known about the function of class 4 semaphorins in
the nervous system. Sema4D and Sema4E can act as repulsive
signals for hippocampal and branchiomotor neurons, respec-
tively [14,36]. The interaction of Sema4B, -C, -F, and -G with
PSD-95 and the synaptic localization of Sema4B and -C sug-
gests that these semaphorins may play a role in the establish-
ment, stabilization or function of synapses. They may
perform a function similar to that of Sema1a in Drosophila
that also contains a putative PDZ-binding motif. Sema1a is in-
volved both in the guidance of diﬀerent axons and the forma-
tion of a speciﬁc type of central synapses, the adult giant ﬁber
synapse [12]. The presynaptic localization of Sema1a and the
inability of a Sema1a mutant with a deletion of its cytoplasmic
domain to rescue the mutant phenotype suggest that Sema1a
acts as receptor in this context. Presently, it is not possible
to decide whether the class 4 semaphorins act exclusively as
a ligands or may also function as receptors like Sema1a. In
summary, the interaction with PDZ-domain proteins suggests
that most class 4 semaphorins may have a role in the formation
or function of synapses.
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